The human intestinal epithelium is formed by a single layer of epithelial cells that separates the intestinal lumen from the underlying lamina propria. The space between these cells is sealed by tight junctions (TJ), which regulate the permeability of the intestinal barrier. TJ are complex protein structures comprised of transmembrane proteins, which interact with the actin cytoskeleton via plaque proteins. Signaling pathways involved in the assembly, disassembly, and maintenance of TJ are controlled by a number of signaling molecules, such as protein kinase C, mitogen-activated protein kinases, myosin light chain kinase, and Rho GTPases. The intestinal barrier is a complex environment exposed to many dietary components and many commensal bacteria. Studies have shown that the intestinal bacteria target various intracellular pathways, change the expression and distribution of TJ proteins, and thereby regulate intestinal barrier function. The presence of some commensal and probiotic strains leads to an increase in TJ proteins at the cell boundaries and in some cases prevents or reverses the adverse effects of pathogens. Various dietary components are also known to regulate epithelial permeability by modifying expression and localization of TJ proteins. J. Nutr.
Introduction
The human intestine allows the absorption of nutrients while also functioning as a barrier, which prevents antigens and pathogens entering the mucosal tissues and potentially causing disease. The intestinal tract is inhabited by 10 14 microbes (1), and it is becoming increasingly evident that they are involved in molecular crosstalk with the intestinal epithelium and affect intestinal barrier function (2) . Increased intestinal permeability is implicated in autoimmune, inflammatory, and atopic diseases, which can manifest both locally (within the intestinal mucosa) and systemically.
Chronic inflammatory diseases of the intestine, such as inflammatory bowel disease (3) and celiac disease (4) , are characterized by a leaky intestinal barrier. In type I diabetes, an autoimmune disease, patients have increased small intestinal permeability (5) . The incidence of diabetes can be reduced in diabetes-prone rats by preventing an increase in epithelial permeability (6) . Breakdown of the intestinal barrier is also implicated in immune reactions that target organs outside the digestive tract, leading to diseases such as IgA nephropathy (7), nonalcoholic hepatic steatohepatitis (8) , and multiple sclerosis in the brain (9) . Furthermore, entry of unwanted antigens can lead to systemic inflammatory response syndrome, characterized by a whole body inflammatory state, and multiple organ failure (10) .
The intestinal barrier can also be compromised in individuals with no predisposing conditions. For example, transepithelial permeability of the colon has been shown to increase with age in rats (11) , suggesting that that intestinal barrier integrity may decrease in healthy individuals as they age. Physiological conditions such as stress have also been shown to increase epithelial permeability (12) .
An important component of the intestinal barrier is the intercellular junctional complex, crucial for the maintenance of barrier integrity. Tight junctions (TJ) 7 are a multifunctional complex that forms a seal between adjacent epithelial cells near the apical surface (13) . They seal the paracellular space between epithelial cells, thus preventing paracellular diffusion of microorganisms and other antigens across the epithelium. TJ are not static barriers but highly dynamic structures that are constantly being remodeled due to interactions with external stimuli, such as food residues and pathogenic and commensal bacteria. They can regulate the entry of nutrients, ions, and water while restricting pathogen entry and thus regulating the barrier function of the epithelium. This review focuses on the molecular crosstalk between intestinal epithelial cells and commensal microbiota, including the mechanisms and signaling pathways used by several species of bacteria to regulate TJ structure and assembly, as well as the effects of dietary components on TJ regulation.
The Intestinal epithelial barrier
The intestinal epithelium is a single layer of columnar epithelial cells that separates the intestinal lumen from the underlying lamina propria. The intestinal epithelial cells are mainly absorptive enterocytes (over 80%) but also include enteroendocrine, goblet, and Paneth cells (14) . These epithelial cells are tightly bound together by intercellular junctional complexes that regulate the paracellular permeability and are crucial for the integrity of the epithelial barrier.
The junctional complexes consist of the TJ, gap junctions, adherens junctions, and desmosomes (13) . Adherens junctions are located beneath the TJ and are involved in cell-cell adhesion and intracellular signaling (15) . Both TJ and adherens junctions (together known as the apical junctional complex) are associated to the actin cytoskeleton (15, 16) . Desmosomes and gap junctions are involved in cell-cell adhesion (17) and intracellular communication (18) , respectively.
The cytoskeleton is an intricate structure of protein filaments that extends throughout the cytosol that is essential for maintaining the structure of all eukaryotic cells. Disruption of the cytoskeleton is linked to the loss of intestinal barrier integrity (19) .
TJ structure and regulation of intestinal permeability TJ are complex structures comprising over 50 proteins. They include a series of transmembrane proteins, which form fibrils that cross the plasma membrane and interact with proteins in the adjoining cells (20) . The transmembrane proteins interact with the actin cytoskeleton within the cell through plaque proteins, which act as cytoplasmic adaptors (21) . Plaque proteins are also involved in the clustering and stabilization of transmembrane proteins. TJ, along with the adherens junctions, are intimately linked to the perijunctinal acto-myosin ring, a belt like structure formed by actin and myosin II that encircles the apical pole of epithelial cells (16) . This belt projects actin filaments that interface with the TJ, and thus circumferential contractions of the perijunctional actomyosin ring regulate TJ structure and paracellular permeability (Fig. 1) . Comprehensive reviews on the complex molecular structure of TJ are available [see, e.g., (22) ].
Transmembrane proteins mediate cell to cell adhesion and seal the paracellular space between epithelial cells. They can be divided into tetra-span and single-span proteins. The tetra-span proteins are occludin, the claudin family of proteins, and tricellulin. Tetra-span proteins contain 4 transmembrane domains and 2 extracellular loops, with the N and C terminals in the cytoplasm (23) (24) (25) . Single span transmembrane proteins are mostly junctional adhesion molecules (JAM) (26) .
The claudin proteins are considered to be the structural backbone of TJ (27) . In the intestine, claudin-1, -3, -4, -5, and -8 tighten TJ (decrease paracellular permeability), whereas claudin-2 forms charge-selective paracellular pores [for review, see (28) ]. The functions of claudins-7, -12, and -15 are unclear, because their effects on intestinal barrier function vary depending on the model system studied (28) . Occludin has also been linked to the regulation of intermembrane diffusion and paracellular diffusion of small molecules (29) . Compared with cultures of Madin Darby canine kidney cells expressing wild-type occludin, cultures expressing truncated occludin mutants exhibit increased paracellular flux of small molecule markers, whereas transepithelial electrical resistance (TEER), a measure of paracellular ion permeability, is unaffected (29) . While claudin seals the space between 2 adjacent cells, the barrier at the junctions between 3 epithelial cells is reinforced by tricellulin. Suppression of tricellulin gene expression impairs epithelial barrier integrity (25) .
The JAM family consists of a transmembrane domain and a C-terminal cytoplasmic domain (30) . JAM-A and coxsackie and adenovirus receptor, 2 examples of JAM proteins, have been shown to regulate epithelial barrier function, because expression of either protein leads to a reduction in paracellular permeability (31, 32) . These proteins are also implicated in TJ assembly. JAM-A and coxsackie and adenovirus receptor recruit specific TJ proteins and promote their localization at cell boundaries (32, 33) . Inhibition of JAM-A also prevents TJ reassembly and recovery of TEER after disruption by calcium depletion in cultured T84 epithelial monolayers (34) .
Plaque proteins are characterized by PSD95-DlgA-ZO-1 homology (PDZ) domains. The PDZ domains of plaque proteins bind to PDZ domains of other proteins, forming a scaffold, or interact with specific C-terminal sequences of transmembrane proteins to anchor them to the cytoplasm (35) . Several PDZ proteins have been identified, including the zonula occludens (ZO) proteins, ZO-1, ZO-2, and ZO-3, which all possess 3 PDZ domains. The first PDZ domain of ZO-1 interacts with the claudin proteins (36) , the second domain of ZO-1 interacts with other ZO proteins to form dimers (37) , and the 3rd PDZ domain of ZO-1 interacts with JAM-A (38) . Plaque proteins potentially play a central role in TJ regulation, because they can cause reorganization of the cytoskeleton. For example, ZO-1 binds directly to F-actin (39) , while AF-6 (another binding partner of JAM-A) is an effector of the Rho-family of small GTPases, signaling proteins involved in TJ regulation (40) . Regulation of TJ Regulation of the assembly, disassembly, and maintenance of TJ structure is influenced by various physiological and pathological stimuli. Signaling pathways involved in TJ regulation, and interactions between transmembrane proteins and the actomyosin ring are controlled by several signaling proteins, including protein kinase C (PKC), mitogen-activated protein kinases (MAPK), myosin light chain kinase (MLCK), and the Rho family of small GTPases. Phosphorylation of TJ proteins has also been shown to affect epithelial barrier function. For example, in Madin Darby canine kidney epithelial cell monolayers with a high TEER, ZO-1 is less phosphorylated than in monolayers with a low TEER (41) . Phosphorylation of claudin proteins has been linked to both increased and decreased TJ permeability [for review, see (42)]. Also, the association of occludin with TJ is thought to require its phosphorylation (43) .
Intestinal epithelial cells express a range of PKC isoforms involved in various signal transduction pathways. Comprehensive reviews describing the role of the various isoforms are available [e.g. (44)]. Specific PKC isoforms have also been shown to increase or decrease TEER in intestinal epithelial cell monolayers (45) . PKC has also been implicated in the Toll-like receptor 2 (TLR2) pathway, which plays a key role in microbial recognition and immune modulation (46) . Stimulation of the TLR2 pathway leads to activation of PKCa and PKCd, which in turn leads to an increase in TEER and a redistribution of ZO-1. MAPK responds to stimuli such as growth factors and various stresses (47) . For example, epithelial growth factor, which prevents TJ disruption caused by hydrogen peroxide, does so via a MAPK pathway (48) . Extracellular signal regulated kinases (ERK), a group of MAPK, have been shown to interact directly with the C-terminal region of occludin to prevent hydrogen peroxide-induced disruption to TJ (48) .
Contractions in the actomyosin ring are largely regulated by phosphorylation of myosin II regulatory light chain (MLC) by MLCK. In Caco-2 cells, initiation of Na + -glucose cotransport is followed by increased phosphorylation of MLC (49) . Inhibition of MLCK prevents increases in TJ permeability. MLCK-mediated regulation of TJ permeability is also a crucial intermediate step in a variety of pathways employed by other extracellular stimuli, such as cytokines and bacteria, to regulate the TJ barrier (50) .
MLC phosphorylation is also implicated in the assembly and regulation of TJ. In a recent study, a Caco-2 cell line expressing a constitutively active MLCK mutant under the control of an inducible promoter was produced (51) . Inducing MLCK in fully differentiated monolayers led to a reduction in TEER and redistribution of ZO-1 and occludin.
The Rho family of small GTPases, RhoA, Rac, and Cdc42, are implicated in the regulation of TJ structure and function and the perijunctional actomyosin ring (52) . Downstream effectors of Rho, known as Rho kinases (ROCK), phosphorylate MLC and induce contraction of the actomyosin ring (53) . Further demonstrating its importance in TJ regulation, inhibition of ROCK prevents proper localization of TJ proteins during TJ assembly in cultured T84 monolayers (54) .
Rho GTPase-mediated regulation of TJ is complex, because there are multiple interactions between the different Rho proteins. For example, inactivation of Rho leads to redistribution of ZO-1 and occludin away from the cell membrane and reorganization of perijunctional F-actin, which leads to reduced TEER and increased paracellular flux (52) . Increased activation of Rho, however, can also lead to increased TJ disassembly via contraction of the actomyosin ring induced by increased Rho/ ROCK signaling and increased MLC phosphorylation (55) .
Barrier enhancement by commensals and probiotic bacteria Improvements in barrier integrity are associated with changes in TJ structure via changes in TJ protein expression and distribution. Commensal bacteria and probiotics have been shown to promote intestinal barrier integrity both in vitro and in vivo. Probiotics preserve the intestinal barrier in mouse models of colitis (56) and reduce intestinal permeability in human patients with Crohn's Disease (57) . Probiotic treatment also reduces epithelial barrier dysfunction following psychological stress in rats (58) . Treatment of epithelial cells with Escherichia coli Nissle 1917, a human fecal isolate and widely used probiotic, leads to increased expression of ZO-2 protein and redistribution of ZO-2 from the cytosol to cell boundaries in vitro (59) . A similar effect is observed in intestinal epithelial cells isolated from germ-free mice treated with E. coli Nissle 1917 (60) . Similarly, treating T84 cell monolayers with metabolites secreted by Bifidobacterium infantis Y1 from the probiotic product VSL#3 leads to an increase in ZO-1 (61). This also leads to an increase in occludin protein expression while reducing claudin-2, thus demonstrating the ability of bacteria and bacterial products to modify TEER and ion selectivity of TJ (61) . Furthermore, treatment of Caco-2 cells with the probiotic Lactobacillus plantarum MB452 (also from the probiotic product VSL#3) results in increased transcription of occludin and cingulin genes, suggesting that bacteria-induced improvements to intestinal barrier integrity may also be regulated at the gene expression level (62) .
Recently, L. plantarum was shown to regulate human epithelial TJ proteins in vivo and to confer protective effects against chemically induced disruption of the epithelial barrier (63) . Administration of L. plantarum into the duodenum of healthy human volunteers was shown to significantly increase ZO-1 and occludin in the vicinity of TJ structures (63) . Pretreatment of Caco-2 monolayers with L. plantarum significantly attenuated the effects of phorbol ester-induced dislocation of ZO-1 and occludin and the associated increase in epithelial permeability (63) . This protection was also seen with an agonist of TLR2. This supports previous studies showing that oral treatment of colitis with the TLR2 ligand PCSK significantly suppressed mucosal inflammation in vivo and provides a plausible mechanism for the use of probiotics in colitis prevention and reduction (64) .
Some probiotics and commensals have also been shown to prevent, and even reverse, the adverse effects of pathogens on intestinal barrier function. When cultured simultaneously with enteroinvasive E. coli (EIEC) strain O124:NM, L. plantarum strain CGMCC No.1258 maintains TEER and molecule permeability in cultured Caco-2 monolayers by preventing EIECinduced loss of expression and redistribution of TJ-associated proteins (65) . EIEC infection leads to the disruption and disorganization of the actin cytoskeleton, but these effects can then be reversed by incubating the epithelial cells with L. plantarum, which leads to a high density of actin filaments at the perijunctional regions and TJ proteins being more closely associated with the cytoskeleton. Coculture of Caco-2 cells with L. plantarum DSM 2648 has also been shown to prevent enteropathogenic E. coli (EPEC)-induced reduction in TEER, possibly because L. plantarum reduces EPEC adherence to Caco-2 cells (66) .
Pretreatment with metabolites from probiotic bacteria may also be protective against pathogen-induced changes in intestinal barrier function. Treating Caco-2 cells with the cell-free supernatant of Bifidobacterium lactis 420 before adding the superna-tant of enterohemorrhagic E. coli (EHEC) strain O157:H7 increased TEER, whereas adding the supernatant of EHEC alone decreased TEER (67) . The increase in TEER was not seen, however, if the supernatant was added with or after EHEC treatment; only pretreatment with the bacterial metabolites was effective.
Live probiotic bacteria and their cell-free supernatants, therefore, differ in their ability to protect against pathogeninduced changes to barrier function. This may be attributed to the fact that live probiotic bacteria are able to compete with pathogens for nutrients for growth and adhesion, whereas metabolites secreted by probiotic bacteria may strengthen intestinal TJ via a cell signaling pathway that needs to be initiated before treatment with metabolites secreted by pathogenic bacteria. It is conceivable that promotion of TJ integrity prevents pathogenic bacteria and their effectors from entering via the paracellular pathway to cause further damage.
Some specific bacterial effectors have been shown to improve the integrity of the intestinal barrier; AvrA, secreted by Salmonella enterica serovar Typhimurium, is an example (68) . Whereas infection with Salmonella lacking AvrA leads to the disruption of TJ (by reduced expression of TJ proteins and disorganized expression), Salmonella strains expressing AvrA stabilize TJ despite the presence of effectors known to disrupt TJ (69) . AvrA seems to target the expression of ZO-1 and occludin, but not claudin, because claudin abundance is reduced and its localization limited to the cytosol, even if AvrA is present. The mechanisms through which ZO-1 and occludin expression and distribution are altered has yet to be elucidated.
Bacteria also utilize epithelial cell signaling proteins involved in TJ regulation, including Rho family GTPases, PKC, and MAPK, to enhance barrier integrity. For example, the ability of the probiotics Streptococcus thermophilus and Lactobacillus acidophilus to preserve phosphorylation of occludin in EIECinfected cells can be reduced by treating the cells with ROCK inhibitors (70) , suggesting these bacteria employ Rho family GTPases to protect against EIEC-induced TJ disruption.
E. coli Nissle 1917 uses a PKCz-dependent signaling pathway to reduce epithelial barrier disruption caused by EPEC (59) . PKCz is the only PKC isotype located in the TJ complex and activation of PKCz leads to phosphorylation of ZO-2, resulting in its removal from the TJ and cytoskeleton. E. coli Nissle 1917 is thought to reduce the PKC phosphorylation caused by EPEC and redistribute PKCz away from the cell boundaries to the cytosol, reducing ZO-2-PKCz colocalization and thus allowing proper formation of TJ and association of ZO-2 with the cytoskeleton.
Metabolites secreted by B. infantis Y1, which increase the TEER in cultured epithelial monolayers, have been shown to promote MAPK-dependent pathways. B. infantis-induced TEER increases can be prevented by inhibiting ERK, and treating epithelial cells with B. infantis metabolites leads to a transient phosphorylation (hence activation) of ERK1/2 and a decrease in phosphorylation of p38 (61) . However, it has also been shown that the ability of S. thermophilus and L. acidophilus to protect against EIEC infection, which is reduced by ROCK inhibitors, does not seem to be affected by inhibition of ERK1/2 or p38 (70) . This suggests that different species of bacteria may use multiple pathways to modulate TJ integrity.
Commensals and probiotics are also known to decrease intestinal barrier dysfunction caused by cytokines. Treatment of cell monolayers with the cytokines TNFa and IFNg leads to a decrease in TEER and an increase in epithelial permeability (71) . This TEER decrease can be prevented by preincubating with the probiotics S. thermophilus ATCC19258 and L. acidophilus ATCC4356 or the commensal Bacteroides thetaiotaomicron ATCC29184 (71) . DNA from the commensal bacteria Lactobacillus rhamnosus GG and Bifidobacterium longum SP 07/3 have also been shown to induce a signal transduction cascade via an epithelial cell surface receptor, which reduces TNFa-induced p38 phosphorylation (72) .
Effects of dietary components on TJ integrity
In addition to bacteria, TJ are also regulated by dietary components. In celiac disease, pathogenesis is induced by gliadin, a glycoprotein present in wheat. When IEC6 and Caco-2 cells are exposed to gliadin in vitro, interaction between occludin and ZO-1 is compromised and the cytoskeleton is rearranged, leading to increased monolayer permeability (73) . The mechanism for this has been linked to zonulin, the human homolog of the zonnular occludens toxin from Vibrio cholera that is known to modulate TJ (74) . Gliadin induces zonulin release, leading to PKC-mediated cytoskeletal reorganization (75) . Ex vivo human intestinal samples from celiac patients in remission also showed zonulin release when exposed to gliadin, causing cytoskeletal rearrangement and ZO-1 reorganization, leading to increased permeability (73) . Gliadin causes zonulin release by binding to the CXCR3 receptor in intestinal cells (76) .
Most food components have not been studied in this way, however. In a screening of vegetable extracts, an extract of sweet pepper was found to decrease TEER in Caco-2 monolayers after a 10-min incubation period (77) . In another study, Solanaceae spices, such as cayenne pepper (Capsicum frutescens) and paprika (Capsicum anuum), were found to cause an immediate decrease in TEER in vitro in the ileocecal adenocarcinoma cell line HCT-8 (78) . In the case of paprika, this was accompanied by an increase in small molecule permeability and aberrant staining of ZO-1. Conversely, black pepper (Piper nigrum), green pepper, nutmeg, and bay leaf extracts caused an increase in TEER, although small molecule permeability and ZO-1 organization were not affected. The active compound in sweet pepper was identified as capsianoside, and this was shown to reorganize actin filaments and decrease TEER (79) . The increase in TEER caused by black and green pepper can be attributed to piperine (78) . Although the authors speculate that the decrease in ion permeability was caused by cell swelling, the possible involvement of TJ was not investigated.
In a more recent screening of over 300 food extracts, galangal (Alpinia officinarum), marigold (Tagetes erecta), Acer nikoense, and hops (Humulus lupulus) were found to decrease TEER and increase paracellular flux of Lucifer yellow across Caco-2 monolayers, without having any cytotoxic effect on the cells (80) . Extracts of linden (Tilia vulgaris), star anise (Illicium anisatum), Arenga engleri, and black tea (Camellia sinensis), on the other hand, were found to decrease paracellular flux and increase TEER.
Surfactants are known to affect TJ permeability. The foodgrade surfactant sucrose monoester fatty acid causes a decrease in TEER and an increase in the permeability of the egg white allergen ovomucoid across Caco-2 monolayers (81). Furthermore, the perijuntional rings of the surfactant-treated cells were partially disbanded when examined under fluorescence microscopy. Similarly, when Caco-2 monolayers are exposed to Quillaja saponin at nontoxic levels, TEER decreases and paracellular flux increases (82) .
Some proteins and amino acids alone modulate intestinal permeability. For example, protamine (an arginine-rich protein) decreases paracellular flow of lactulose in vivo in rat small intestines (83) . In contrast, TJ permeability is shown to increase following L-alanine perfusion in rats (84) . The casein peptide Asn-Pro-Trp-Asp-Gln increases TEER in Caco-2 cells in a dosedependent manner, which correlates with increased levels of occludin gene and protein expression (85) . Feeding diabetesprone rats hydrolyzed casein decreased intestinal permeability as demonstrated by reduced lactulose uptake (86) . This correlated with an increased level of ileal claudin-1 gene expression and increased TEER in ex vivo ileal samples. b-Lactoglobulin (from skim milk) increases TEER across Caco-2 monolayers when the TJ are destabilized by culturing in serum free media (87) . The putative mechanisms of action involve PKC-mediated signal transduction pathways, because treating the Caco-2 monolayer with a PKC inhibitor before adding b-lactoglobulin reduces the TEER increase. The authors also concluded that b-lactoglobulininduced increases in TEER may be caused by modifications to the cytoskeletal structure, because treating the cells with cytochalasin D (known to disrupt the cytoskeleton) also inhibits b-lactoglobulin-induced increases in TEER. This could be further verified by immunostaining cytoskeletal structures of Caco-2 cells both untreated and treated with b-lactoglobulin.
At supraphysiologic levels, tryptophan disrupts TJ in hamster small intestinal epithelia, shown by visible perturbations in TJ (transmission electron microscopy), decreased TEER and increased insulin flux (88) . In contrast, glutamine can restore stress-induced loss of barrier integrity (89) . With Caco-2 monolayers where maturation was achieved by treatment with sodium butyrate (compared with spontaneously matured Caco-2 monolayers), exposure of cells to the atmosphere during media change leads to a temporary decrease in TEER. The speed of TEER recovery is improved if the cells are exposed to glutamine before the stress. Furthermore, when Caco-2 cells are deprived of glutamine via inhibition of glutamine synthetase, occludin, claudin-1, and ZO-1 protein expression is decreased (90) . Studies have shown that treatment with glutamine leads to activation of the MAPK, ERK, and JNK (91); thus, glutamine could potentially modulate TJ via a MAPK-dependent signal transduction pathway.
As well as having nutritional value, trace elements such as zinc may also assist with the maintenance of intestinal barrier integrity. Caco-2 cells grown in zinc-deficient media have reduced TEER and altered expression of ZO-1 and occludin (localized away from the cell boundaries, less homogenous) compared with Caco-2 cells grown in zinc-replete media (92) . This is accompanied by disorganization of F-actin filaments.
Other dietary components such as fatty acids, polysaccharides, and flavonoids are also known to alter TJ. The mediumchain fatty acids capric acid and lauric acid increase paracellular flux and cause a rapid decrease in TEER in Caco-2 cells (93) . DHA, g-linolenic acid, and EPA have also been shown to decrease TEER and increase paracellular permeability of fluorescein sulfonic acid in a concentration-dependent manner (94, 95) . Caco-2 cells exposed to sodium caprate had irregular expression of ZO-1 and occludin at the cell boundaries. Whereas the decrease in paracellular permeability was observed within 3 min of capric acid exposure, reorganization of TJ proteins took at least 60 min. Sodium caprate is known to increase TJ permeability in rat ileum ex vivo, reducing TEER, increasing parcellular flux, and inducing dilations in TJ visible by transmission electron microscopy (96) . Conjugated linoleic acids have also been shown to modulate paracellular permeability in epithelial cells (97) . Caco-2 cells grown in media supplemented with the trans-10 isomer of conjugated linoleic acids have a slower rate of TEER increase, increased paracellular flux, and altered distribution of occludin and ZO-1. Chitosan, a polysaccharide widely used in the food industry, is also known for its absorption-enhancing properties (98) . Caco-2 cells treated with chitosan have altered distribution of ZO-1 and F-actin leading to increased paracellular permeability (99) . Quercetin, the most common flavonoid in nature, increases TEER (100,101) and reduces paracellular flux of Lucifer yellow (101) across Caco-2 monolayers in a dose-dependent manner. This was accompanied by an increase in claudin-4 (100,101). Although the overall expression of claudin-1, occludin, and ZO-2 was not affected (100,101), these protein were redistributed and associated with the actin cytoskeleton (101). Furthermore, there was greater localization of claudin-1 and -4 at TJ in Caco-2 cells treated with quercetin (100, 101) . Quercetin is also shown to inhibit activity of PKCd; TJ regulation by quercetin is likely PKCd dependent (101) .
Although dietary components may regulate TJ permeability by directly targeting signal transduction pathways involved in TJ regulation, certain dietary components have been identified that influence cytokine signaling, thereby modifying TJ permeability. For example, epigallocatechin gallate, the predominant polyphenol in green tea, when incubated with T84 monolayers does not affect epithelial permeability. When treated concomitantly with IFNg, however, epigallocatechin gallate prevents the IFNginduced decrease in TEER and increase in paracellular flux (102) . Soy milk fermented by L. plantarum, Lactobacillus fermentum, and L. rhamnosus is also shown to prevent IFNginduced decrease in TEER in the Caco-2/TC7 cell line (103) . This effect, however, cannot be seen with nonfermented soy milk. The protective effect of soy milk is attributed to isoflavone aglycones synthesized in the fermented milk, thus demonstrating the importance of food-bacteria interactions in barrier function regulation. Similarly, the isoflavonoid genistein prevents TNFainduced decreases in TEER in the colonic cell line HT-29/B6, but does not affect TEER itself (104) .
Conclusion
Many of the studies on the beneficial effects of bacteria on TJ integrity and the underlying mechanisms have focused on probiotic strains. This may reflect a greater interest in understanding the beneficial effects of probiotics due to their commercial applications, but it may also be due to difficulties in culturing commensal bacteria, the vast majority of which are obligate anaerobes. Some probiotics were isolated from humans, such as E. coli Nissle 1917, a human fecal isolate. Not all commensal bacteria may be able to modulate epithelial barrier functions, as shown in a study comparing commensal and probiotic strains (71) . Using a reductionist in vitro model, which allows the co-culture of obligate anaerobic bacteria with intestinal epithelial cell lines, would facilitate comparison of mechanisms employed by probiotics and commensals.
However, the intestinal barrier is a complex environment and regulation of barrier function cannot be elucidated by in vitro models alone. Interactions between the dietary components and the microbiota are also crucial in the regulation of barrier integrity. The intestinal microbiota in the large intestine ferments substances that cannot be digested in the small intestine (such as digestion resistant starches, cellulose, pectins, and some oligosaccharides), allowing for the recovery of metabolic energy and absorbable substrates for the host. Intestinal microbiota can also indirectly affect intestinal barrier function via fermentation of undigested carbohydrates in the intestine. An example of this is the production of butyrate by colonic bacteria, which enhances the intestinal barrier by facilitating TJ assembly (105) . Certain dietary carbohydrates, on the other hand, are able to shift the commensal community toward a more advantageous structure by selectively stimulating the growth and/or activity of one, or a limited number of bacteria within the gastrointestinal system, which in turn can affect TJ integrity (106) . Thus, it is important to consider the interactions between the different components of the intestinal barrier when developing strategies for enhancing barrier integrity using food and/or bacteria.
